SUMMARY. The first purpose of this study was to determine if the baroreflex control of hindlimb resistance is preserved in hypertension even though reflex control of heart rate is impaired. The second purpose was to compare the capacity of one remaining set of arterial baroreceptors to compensate for the loss of the other in normotensive and hypertensive states. Baroreflex responses of heart rate, perfusion pressure in the hindlimb (perfused at constant flow), and lumbar sympathetic nerve activity were examined in rabbits anesthetized with chloralose and urethane 6 weeks after induction of renal hypertension (1-K-l-W). Intravenous injections of phenylephrine caused increases in arterial pressure and reflex bradycardia, vasodilarion, and inhibition of lumbar sympathetic nerve activity. The converse occurred with nirroglycerin. With all baroreceptors intact, baroreflex control of heart rate was impaired in hypertensive rabbits, whereas control of vascular resistance and lumbar sympathetic nerve activity was preserved in hypertensive as compared with normotensive sham-operated rabbits. Denervation of either the carotid sinus or aortic baroreceptors in normotensive rabbits resulted in the following: (a) reflex control of heart rate with phenylephrine and nitroglycerin was impaired; (b) reflex inhibition of lumbar sympathetic nerve activity was preserved and reflex vasodilation was augmented; and (c) reflex excitation of lumbar sympathetic nerve activity was reduced but reflex vasoconstriction was preserved after section of carotid sinus baroreceptors and reduced slightly after section of aortic baroreceptors. In hypertensive rabbits, section of carotid sinus or aortic baroreceptors resulted in the following: (a) reflex control of heart rate was markedly impaired; (b) reflex inhibition of lumbar sympathetic nerve activity and vasodilation were suppressed; and (c) reflex excitation and vasoconstriction were impaired to a much greater extent than in normotensives. Our conclusions are as follows.
(1) Baroreflex control of hindlimb vascular resistance and lumbar sympathetic nerve activity is preserved in hypertension, even though control of heart rate is impaired. Therefore, impaired baroreflex control of heart rate cannot be taken as evidence of a generalized impairment of baroreflex control of vascular resistance, (2) In normotensives, one remaining set of arterial baroreceptors compensates for the loss of the other in the reflex regulation of hindlimb vascular resistance and in reflex inhibition of lumbar sympathetic nerve activity but not in the regulation of heart rate. Thus, there is a 'redundancy" in the arterial baroreflex control of hindlimb resistance and lumbar sympathetic nerve activity but not in the control of heart rate, (3) This compensatory capacity or 'redundancy' of baroreflex control is significantly impaired in renal hypertensive rabbits, and the impairment may be related to impaired baroreceptors or abnormal central mediation of the reflex. (Circ Res 53: 223-234, 1983) IT has been show that, in hypertension, there is a rightward shift in stimulus-response relationship between baroreceptor discharge and arterial pressure (Aars, 1968; Angell-James, 1973; Brown et al., 1976; McCubbin et al., 1956; Nosaka and Wang, 1972; Sleight et al., 1977) , as well as a change in sensitivity of carotid (Koushanpour and Kenfield, 1981) and aortic baroreceptors (Aars, 1968; Angell-James, 1973; Brown et al., 1976; Sapru and Wang, 1976) . Because of these reported abnormalities in receptor behavior, and because of the well known impair-
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ment of arterial baroreflex control of heart rate in hypertension (Bristow et al., 1969; Eckberg, 1979; Korner et al., 1975; Takeshita et al., 1975) , it has been suggested that there may be a generalized impairment of baroreflex control of the peripheral circulation. We recently reported (Guo et al., 1982) that, in normotensive animals, baroreflex control of heart rate may be impaired when baroreflex control of hindlimb resistance is preserved. Thus, it is possible that, in hypertension, baroreflex control of the peripheral circulation may be preserved even though baroreflex control of heart rate is impaired. Therefore, the first goal of this study was to determine whether baroreflex control of hindlimb resistance is preserved in hypertension when heart rate control is impaired.
There are important interactions between the aortic and carotid baroreflexes in the control of circulation (Angell-James and Daly, 1970; Donald and Eclis, 1971; Heitz and Brody, 1973; Ishikawa and Sagawa, 1983; Kendrick et al., 1979) and of sympathetic efferents (Ninomya and Irisawa, 1969) in normotensive animals. The individual and combined contributions of the two baroreflexes may depend on the type of responses measured, the shape of the stimulus-response curve, and the location of the preparation in its basal state on the curve for each reflex (Donald and Edis, 1971; Ishikawa and Sagawa, 1983) . In general, it has been shown that the sum of responses to the separate activation of each baroreflex is greater than the responses of simultaneous activation of both sets of baroreceptor afferents (Kirchheim, 1976) . This interaction, which has been referred to as "mutual inhibitory addition* (Sagawa and Watanabe, 1965) , permits one remaining arterial baroreflex to compensate for the loss of the other in regulating vasomotor tone.
We also have reported that, in normotensive rabbits, one arterial baroreflex may largely compensate for the loss of the other in the reflex control of hindlimb resistance (Guo et al., 1982) . In hypertension, abnormalities in baroreceptors or in the central mediation of the reflex may impair this compensatory capacity. Therefore, the second goal of this study was to determine whether baroreflex control of vascular resistance and lumbar sympathetic nerve activity (LSNA) is still preserved after section of one set of arterial baroreceptors in hypertensive rabbits.
Methods

Production of Hypertension
New Zealand white male rabbits were used in this study. Hypertension was induced by unilateral renal wrapping with polyethylene (Angell-James, 1973) and contralateral nephrectomy under sodium pentobarbital (Nembutal) anesthesia (40 mg/kg, intravenously). The control groups of rabbits (sham) were subjected to uninephrectomy and exposure without wrapping of the left kidney.
General Procedures
Six weeks after induction of renal hypertension or sham operation, the rabbits were anesthetized with intravenous (ear vein) a-chloralose (50 mg/kg) and urethane (500 mg/ kg). After tracheal intubation, the animals were ventilated artificially with a mixture of oxygen and room air. Gallamine triethiode (2 mg/kg) was administered to permit control of respiration. Supplemental doses of anesthetic and gallamine triethiode were given as needed. A catheter was positioned in the aorta via the right axillary artery for measurement of arterial pressure (pulsatile and mean). Heart rate (HR) was recorded with a Beckman 9857B cardiotachometer triggered by the arterial pressure pulse. Another catheter was inserted into the right axillary vein for injections of phenylephrine (PE) and nitroglycerin (NG). Pressure was measured with a Statham pressure transducer (P23dB) and displayed on a Beckman Dyno-graph recorder. The arterial blood gases and pH were monitored periodically and, when necessary, were corrected by adjusting respiratory frequency. The Pcch and pH were maintained between 25 and 35 mm Hg and between 7.34 and 7.43, respectively. The body temperature was maintained between 36°C and 38°C by external warming.
Hindlimb Perfusion Preparation
The reflex control of vascular resistance was assessed in an isolated hindlimb perfused at constant flow. In brief, the abdomen was opened in the midline and the left iliac artery was ligated. An extracorporeal circuit was used to shunt blood from the abdominal aorta (at a level below the renal arteries) to the right iliac artery. Collateral circulation to the perfused hindlimb was minimized by ligating vessels in the lower abdomen. A perfusion pressure of less than 15 mm Hg with extracorporeal circuit occluded was taken to indicate insignificant collateral circulation. A delay coil was included in this extracorporeal circuit to prevent the direct vascular effects of drugs from modifying or obscuring reflex vascular responses (Guo et al., 1982) . Sodium heparin (500 U/kg) was given before cannulation of the right iliac artery. Supplementary doses of heparin (300 U) were given every 20-30 minutes.
Lumbar Sympathetic Nerve Activity (LSNA)
LSNA was measured in another series of experiments on normotensive and hypertensive rabbits. Under a dissecting microscope, the lumbar sympathetic chain was exposed through a midline abdominal incision. Nerve activity was recorded from the central end of the cut sympathetic chain. The recorded spikes were amplified using a Grass P511 preamplifier, and the amplified nerve activity was visualized on a Tektronix oscilloscope. The output was also led to a nerve traffic analyzer that measured the frequency of spikes that exceeded the noise level. The output of the nerve traffic analyzer was displayed as time-frequency histogram on a Beckman dynograph recorder, along with arterial pressure. The electrical mean of the nerve activity was also recorded.
Protocol for Studies of Heart Rate and Hindlimb Resistance
The protocols were begun 30-60 minutes after the completion of surgery. PE (2, 4, 8, Mg/kg) and NG (4, 8, 16 Mg/kg) each were administered intravenously. Each bolus injection of drug was followed by 0.25 ml of saline flush. PE and NG were injected alternately. Injections were separated by at least 5 minutes. Responses of mean arterial pressure, heart rate, and hindlimb perfusion pressure were recorded. These responses were examined before and after denervation of the carotid sinus or aortic baroreceptors. After partial denervation, we waited a period of 20 minutes before testing reflex responses to NG and PE to allow for stabilization of arterial pressure, heart rate, and perfusion pressure. This was necessary because denervation caused abrupt increases in pressure and heart rate which stabilized gradually over a period of 15-20 minutes. The number of experiments for each group were as follows:
Group 1-Normotensive (n = 8): carotid sinus baroreceptor denervation. Group 4-Hypertensive (n = 6): aortic baroreceptor denervation. Group 5-Normotensive (n = 6): sham denervation. Group 6-Hypertensive (n = 6): sham denervation. The carotid sinus baroreceptors were considered completely denervated when bilateral carotid occlusion failed to alter heart rate and perfusion pressure. After denervation, a period of at least 20 minutes was permitted before continuing the protocol. At the end of the protocol, denervation of the remaining arterial baroreceptors in groups 1-4 (either aortic or carotid) virtually abolished the responses of heart rate and perfusion pressure to NG and PE, indicating that the responses were mediated by arterial baroreflexes.
To determine whether ABRX or CBRX altered vascular reactivity, injections of PE (0.2 and 0.5 /zg) or norepinephrine (NE) (0.2 and 0.5 ^g) and of NG (0.2 and 0.5 jig) were given directly into the circuit perfusing the hindlimb in each animal before and after CBRX and ABRX.
Flow to the perfused hindlimb was quantified at the end of each experiment by timed-volume collection. The hindlimb was weighed and vascular resistance was calculated by dividing the product of perfusion pressure and hindlimb weight (mm Hg • kg) by blood flow (ml/min).
Protocol for Studies of LSNA
These studies were carried out in different groups of 13 normotensive and eight hypertensive rabbits. In general, the same protocol as described for the studies on hindlimb vascular resistance was followed. Four doses of PE (1-8 g/kg) or NG (2-10 Mg/kg) were given as bolus injections intravenously. Responses of mean arterial pressure and nerve activity were recorded before and after CBRX or ABRX. Six normotensive rabbits had CBRX (group 7) and seven had ABRX (group 8). Four of the hypertensive rabbits had CBRX (group 9) and the other four had ABRX (group 10).
Data Analysis
Peak responses of arterial pressure, heart rate, and perfusion pressure or LSNA to PE and NG were recorded for statistical analysis. Mean values ± SE are presented. The relationship between changes in mean arterial pressure and changes in heart rate, perfusion pressure or LSNA was assessed by regression analysis for each animal. Regression lines for responses to PE alone and NG alone were calculated. The regression coefficient was taken as an index of reflex sensitivity. The difference in slopes among different conditions of afferent denervation were determined by paired or non-paired f-test (Steel and Torrie, 1960) . Probability levels of less than 0.05 were considered significant.
Results
Studies of Heart Rate and Hindlimb Resistance
Baseline Data in Anesthetized Hypertensive and Normotensive Rabbits (Table 1) The mean arterial pressure was significantly higher in the hypertensives than in the normotensives (Table 1 ). There were no differences in heart rate between the two groups of animals. Hindlimb perfusion pressure and resistance were significantly higher in the hypertensives than in the normotensives. Lower body weight in the hypertensives has been observed also by others, and may have been due to retarded growth (Komer et al., 1975) .
Comparison of Reflex Responses in Hypertensive and Normotensive Rabbits: Baroreceptor Afferents Intact
In both hypertensive and normotensive rabbits, increasing arterial pressure with PE resulted in the expected reflex bradycardia and vasodilation, and decreasing arterial pressure with NG evoked opposite responses. Changes in arterial pressure with PE and NG were greater in the hypertensives than in the normotensives (Fig. 1 ), but reflex responses were dose-dependent in both groups. The mean reflex responses of heart rate and hindlimb vascular resistance are summarized in Figure 1 . Reflex responses of heart rate were significantly impaired in the hypertensive group (Fig. 1A) , whereas reflex responses of hindlimb resistance were augmented (Fig. IB) . Since basal vascular resistance was higher in the hypertensives (Table 1) , resistance responses were expressed as a percent of the baseline resistance. When responses were normalized in this manner the percent changes in resistance were similar in the hypertensive groups (Fig. 1C) .
Effect of Partial Baroreceptor Denervation on Baseline Values of Heart Rate and Hindlimb Resistance
Partial arterial baroreceptor denervation caused increases in arterial pressure, perfusion pressure, and heart rate in both normotensives and hypertensives. In the normotensives (group 1), the acute increases in arterial pressure, perfusion pressure, and heart rate immediately after denervation of carotid baroreceptors were 28 ± 5 mm Hg, 19 ± 2 mm Hg, and 7 + 2 beats/min, respectively; the corresponding increases in the hypertensives (group 3) were 39 ± 3 mm Hg, 35 ± 6 mm Hg, and 8 ± 2 beats/min. The corresponding increases immediately following denervation of aortic baroreceptors were 22 ± 2 mm Hg, 23 ± 3 mm Hg, and 7 ± 1 beats/min for the normotensives (group 2), and 27 ± 4 mm Hg, 32 ± 5 mm Hg, and 2 ± 1 beats/min for the hypertensives (group 4). After acute CBRX or ABRX, heart rate rapidly returned toward control level within 20 minutes (Table 2) . Perfusion pressure stabilized after CBRX or ABRX at a level significantly higher than control for both normotensives (Table  2 ) and hypertensives ( Table 2 ). The same was true for arterial pressure in the normotensives (Table 2) , but not in the hypertensives (Table 2) . In some cases, there was a small time-dependent increase in the basal values of perfusion pressure which was also observed in our earlier studies (Guo et al., 1982) .
Effect of Partial Baroreceptor Denervation on Reflex Responses
The mean data for reflex responses of heart rate and perfusion pressure before and after CBRX or ABRX from normotensives and hypertensives are summarized in Table 2 . After partial denervation the fall in systemic arterial pressure with NG was greater in the normotensive (Table 2 ) and hypertensive (Table 2) groups, but the rise in pressure with PE was greater (though not consistently so) only in the hypertensive group. Reflex responses of heart rate and perfusion pressure to PE and NG were analyzed separately by determining the slopes of the regression relationships relating each response to the corresponding change in mean arterial pressure. The values for the slopes are tabulated (Table  3) .
Heart Rate Responses. Compared with responses before denervation (intact), both CBRX and ABRX significantly reduced the responses of heart rate to both PE and NG in hypertensive as well as normotensive rabbits (Tables 2 and 3) . Vascular Responses. After partial denervation in the normotensive rabbits (Tables 2 and 3) , reflex vasodilator responses with PE were significantly augmented (after ABRX or CBRX), and reflex vasoconstrictor responses with NG were either preserved (after CBRX) or slightly impaired (after ABRX). In contrast, after partial denervation in the hypertensive rabbits (Tables 2 and 3) , reflex vasodilator responses with PE were either significantly impaired (after CBRX) or tended to be reduced (after ABRX), and reflex vasoconstrictor responses with NG were markedly and significantly impaired (after CBRX or ABRX). Figure 2 shows absolute values for arterial pressure and h'indlimb perfusion pressure in normotensive and hypertensive animals before and after partial denervation. The large symbols indicate the shift in set-points up and to the right after partial denervation in both groups. A shift in set-point might account in part for the reduced reflex vasoconstriction during NG after partial denervation in hypertensive animals, but it would not explain the impairment of reflex vasodilation.
Vasoconstrictor responses to local intra-arterial injections of PE or NE were not reduced by CBRX or ABRX (Table 4) . Therefore, the impaired reflex constrictor responses seen in the hypertensive rabbits after CBRX or ABRX were not the result of changes in vascular reactivity. Vasodilator responses to local intra-arterial injection of NG were augmented after CBRX or ABRX in normotensive rabbits but not in hypertensive rabbits; this may explain the apparent augmentation of reflex vasodilatation in the normotensives.
Responses in Sham-Denervated Groups. There were or hypertensive (group 6-lower panels of Fig. 3 ) no differences beween reflex responses to the first sham-denervated animals, thus indicating no and second series of intravenous drug injections in changes in reflex responses with time in either either normotensive (group 5-top panels of Fig. 3) group. The perfused hindlimb vascular responses to Entries represent means ± SE. Basal values were recorded immediately prior to injections of nitroglycerin or phenylephrine and when applicable at least 20 minutes after denervation.
* Indicates significant differences in basal values or in changes in mean arterial pressure (P < 0.05) between the intact state and after section of carotid sinus (CBRX) or aortic baroreceptors (ABRX) in response to the same doses of nitroglycerin and phenylephrine. Significant differences in the reflex responses of perfusion pressure and heart rate were analyzed by examining the slopes of regressions (Table 3) Values are means ± SE. All regression coefficients were negative. * Indicates significant differences (P < 0.05) between responses obtained before and after section of carotid sinus (CBRX) or aortic baroreceptors (ABRX).
consecutive local intra-arterial injections of NE and NG in both groups of animals were similar (Table  5) , indicating no changes in vascular reactivity with time in either group.
Studies of Lumbar Sympathetic Nerve Activity (LSNA)
The mean arterial pressure was significantly higher in the anesthetized hypertensive (121 ± 7 mm Hg) than in the anesthetized normotensives (92 ± 2 mm Hg) rabbits. The hypertensives had lower body weight (2.6 ± 0.1 kg) than the normotensives (2.9 ± 0.1 kg). Increases in arterial pressure with PE resulted in abrupt reflex decreases in LSNA and decreases in arterial presssure with NG evoked opposite responses (Fig. 4) . The dynamic reflex changes in LSNA were very sensitive to the changes in arterial pressure and the responses were dose-related in normotensive (Fig. 4) , as well as in hypertensive rabbits.
FIGURE 2. Entries represent mean values (±SE) of arterial pressure and perfusion pressure in normotensive (O, %) and hypertensive (A, A) animals before and after partial denervation. The left panel shows values before (open symbols) and after (closed symbols) CBRX (carotid baroreceptor deneroation). The right panel shows values before and after ABRX (aortic baroreceptor denervation). The large symbols indicate the 'set-points' in the normotensive and hypertensive groups before (open symbols) and after (closed symbols) partial deneroaton. Values obtained with three doses of phenylephrine (PE) and three doses of nitroglycerin (NG) are shown. Note that there is a shift upward and to the right of the 'set-point' in hypertensive animals, compared with control before deneroation. Partial denervaton in both groups of animals also causes a shift upward and to the right. An upward shift in 'set-point" may account in part for the decreased vasoconstrictor response in the hypertensive animals after partial denervation but would not explain the reduced reflex vasodilator response.
Reflex Control of LSNA before Partial Baroreceptor Denervation
To compare reflex control of LSNA between normotensive and hypertensive rabbits when all baroreceptor afferents were intact, we expressed the changes in LSNA as a percent of the control activity in each animal and calculated the slopes of relationships between changes in mean arterial pressure and associated percent changes in LSNA. The mean and variance of the slopes of these relationships were obtained in each group. There was no difference between normotensive (n = 13) and hypertensive rabbits (n = 8) in reflex control of LSNA with either PE (-2.30 ± 0.18 in normotensives and -2.50 ± 0.18 in hypertensives) or NG (-2.16 ± 0.23 in normotensives and -1.75 ± 0.14 in hypertensives).
Changes in "Set Point" after Partial Denervation
Partial arterial baroreceptor denervation (either CBRX or ABRX) caused increases in mean arterial pressure and LSNA. The increases in arterial blood pressure after CBRX or ABRX stabilized over a 30-minute period and remained at a level significantly higher than control in the normotensives (Fig. 5A) but not in the hypertensives (Fig. 5B) . Increases in LSNA observed after partial denervation remained elevated in both normotensives and hypertensives (Fig. 5, A and B) . Values are means ± SE. All regression coefficients were negative. * Indicates significant differences (P < 0.05) between responses obtained before and after section of carotid baroreceptors (CBRX) or aortic baroreceptors (ABRX).
(groups 7 and 8), CBRX or ABRX did not alter reflex inhibition of LSNA with PE but did impair reflex excitation of LSNA with NG. In the hypertensives (group 9 and 10), however, partial arterial baroreceptor denervation (either CBRX or ABRX) significantly impaired both reflex inhibition and excitation of LSNA. The impairment by partial denervation of reflex excitation was more severe in the hypertensives (-58 ± 9% by CBRX and -72 ± 12% by ABRX) than in the normotensives (-30 ± 4% by CBRX and -49 ± 6% by ABRX).
Discussion
There are three important findings in this study. First, baroreflex control of heart rate may be dissociated from baroreflex control of peripheral circulation in such a way that reflex control of hindlimb vascular resistance and LSNA may be preserved when heart rate control is impaired. This is true in normotensive rabbits after partial arterial baroreceptor denervation and in one-kidney perinephritic hypertensive rabbits with intact baroreceptors. Second, in normotensives, one remaining set of arterial baroreceptors compensates for the loss of the other set in the reflex control of hindlimb resistance vessels and in reflex inhibition of LSNA, but not in the reflex control of heart rate. Third, this compensatory capacity is markedly impaired in one-kidney perinephritic hypertensive rabbits. Thus, in normotensive rabbits, there appers to be a 'redundancy' of arterial baroreceptor influence on hindlimb resistance and LSNA, but this "redundancy' is impaired in renal hypertensive rabbits.
The first part of the discussion will deal with the concept of selectivity of baroreflex control of rate vs. resistance when baroreceptors are intact, and the second part will deal with the concept of redundancy of baroreceptor influence on heart rate, resistance, and LSNA.
Comparisons of Normotensives and Hypertensives when Baroreceptors are Intact
Our findings that baroreflex control of heart rate is impaired and baroreflex control of hindlimb resistance is preserved in hypertensives (Fig. 1) are consistent with those of Angell-James and George (1980) . They also observed, as did we, that baroreflex control of hindlimb resistance was augmented in this model of hypertensive rabbits. It seems paradoxical to suggest that reflex vascular control is augmented, since baroreceptor threshold is increased and baroreceptor sensitivity is reduced, in perinephritic hypertension (Angell-James, 1973; Jones and Thoren, 1977; McCubbin et al., 1956; Sleight et al., 1977) . Reflex responses of heart rate and hindlimb resistance mediated through these receptors would be expected to be similarly impaired. Angell-James and George (1980) suggested that the apparent augmentation in the gain of baroreflex control of hindlimb resistance was secondary to high vascular reactivity, which compensated for the loss of baroreceptor sensitivity. We found that the basal vascular resistance in the hypertensives was about two times higher than in normotensives, and that the reactivity to intra-arterial NG and NE was also greater in the hypertensives (Tables 1 and  5 ). This could have accounted for the augmented reflex vascular responses (Fig. IB) , but when the basal levels of resistance and the vascular reactivity were taken into consideration by normalizing responses as percent of control, there was no difference between the hypertensives and normotensives (Fig. 1C) . Thus, our data indicate that there is no impairment of baroreflex control of hindlimb resistance in hypertension.
Our findings on the reflex control of LSNA support the results of the studies on hindlimb vascular resistance. By comparing the "resting' values of LSNA in the normotensive and hypertensive rabbits when baroreceptors are intact, one might be tempted to suggest that LSNA was similar in the two groups. However, this comparison may not be valid since, in a multifiber preparation, one cannot be sure that a comparable number of fibers was included for measurement of impulse activity under exactly comparable conditions. On the other hand, reflex changes in LSNA may be determined in each animal and the percent change in activity calculated for the normotensive and hypertensive groups. By normalizing the responses in this manner, it becomes apparent that the gain of the reflex control of LSNA (expressed as percent change in LSNA vs. change in mean arterial pressure) was not impaired in hypertensive animals. Comparable results were obtained in another study (Guo and Thames, 1983) which addressed the role of the central mediation of the baroreflex in another model of renal hypertensive rabbits (two-kidney, two-wrapped hypertension).
Therefore, despite the increase in threshold of arterial baroreceptors and their decreased sensitivity in renal hypertensive rabbits (Angell-James, 1973) , the gain of the arterial baroreflex with respect to both hindlimb resistance and LSNA is preserved.
The dissociation of baroreflex control of heart rate from hindlimb resistance and LSNA in hypertension could result from abnormalities in the central nervous system or in the arterial baroreceptors themselves. Baroreflex control of heart rate but not of resistance may be suppressed during stimulation of defense area in the hypothalamus (Djojosugjta et al., 1970; Gebber and Snyder, 1970) . Mild excitation of the hypothalamic defense area has been postulated to explain the dissociation of baroreflex control of heart rate and splanchnic nerve activity in spontaneously hypertensive rats (Ricksten and Thoren, 1980) or blood pressure in human hypertension (Zanchetti, 1979) . It remains unknown whether a central nervous system readjustment occurs in this model of perinephritic hypertension which could account for the selectivity of impairment.
Effects of Denervating One Set of Arterial Baroreceptors
Baseline Values
Immediately after partial denervation of either set of baroreceptors, there were increases in heart rate, arterial pressure, hindlimb resistance, and LSNA in normotensive and in hypertensive animals. After a 20-to 30-minute stabilization period, the values of heart rate in both the normotensive and hypertensive animals had returned to control levels, and the values of arterial pressure in the hypertensive animals also had returned to levels which were not significantly higher than control. The levels of hindlimb resistance and lumbar sympathetic activity in both normotensive and hypertensive rabbits, and the levels of arterial pressure in normotensive rabbits, remained above control. The reasons for the persistance of some of the acute effects of partial denervation and not others in these anesthetized rabbits are beyond the scope of this study and are not explored in these experiments. The influence of other sensory afferents or of central factors may be important in the control of certain vascular beds and not others. The purpose of this work was to examine the arterial baroreflex control before and after partial denervation.
Circulation Research/Vo/. 53, No. 2, August 1983 Reflex Responses When both sets of baroreceptors are activated simultaneously, the combined responses may represent three possible patterns of summation of the responses to stimulation of each set of baroreceptors: mutual facilitatory addition, mutual inhibitory addition, or simple addition (Sagawa and Watanabe, 1965) . The occurrence of mutual facilitatory, inhibitory, or simple addition depends on the relationship between the response produced by combined stimulation and the algebraic sum of the individual responses, i.e., if the combined is greater than the sum of individuals, there is mutual facilitation; if the combined response is less than the sum of individual responses, there is a mutual inhibition; and if the combined is equal to the sum of individuals, there is simple addition. The pattern observed may depend in part on the location of the preparation in the basal state on the stimulus-response curve for each reflex (Donald and Edis, 1971; Ishikawa and Sagawa, 1983) . In our studies, reflex changes in heart rate, hindlimb vascular resistance, and LSNA in response to changes in systemic arterial pressure were examined before and after selective denervation of one set of arterial baroreceptors. The summation patterns differed with respect to the control of heart rate as compared to hindlimb vascular resistance or LSNA in normotensives and hypertensives.
In the normotensives, reflex control of heart rate (either increase or decrease in rate) was impaired significantly after either CBRX or ABRX (Tables 2  and 3) ; therefore, the summation pattern appears to be one of 'simple addition,' and there is no redundancy in the control of heart rate by the two sets of arterial baroreceptors. In contrast to the reflex control of heart rate, the reflex control of hindlimb vascular resistance was generally preserved after CBRX or ABRX. These results confirm our previous findings (Guo et al., 1982) and indicate a summation pattern of 'mutual inhibitory addition' of the two sets of arterial baroreceptors with respect to hindlimb resistance, as suggested also by others (AngellJames and Daly, 1970; Ishikawa and Sagawa, 1983; Kirchheim, 1976) . In other words, in normotensives, the two sets of arterial baroreceptors are 'redundant' with respect to the control of hindlimb resistance but both sets are needed for full control of heart rate.
In the hypertensives, CBRX or ABRX impaired the reflex control of heart rate. This impairment was much more pronounced than in normotensives, as it was superimposed on an already impaired heart rate control when the baroreflexes were intact (Fig.  1A) . Furthermore, in contrast to the normotensives, partial baroreceptor denervation caused significant impairment of reflex vascular responses after CBRX. Impairment of reflex vasoconstriction after ABRX was much more severe in the hypertensives (gain decreased from 1.70 ± 0.20 to 0.37 ± 0.12) than in the normotensives (gain decreased from 1.08 ± 0.15 to 0.70 ± 0.16) (Table 3) . Similarly, impairment of reflex vasodilation after ABRX was evident in the hypertensives (gain decreased from 1.31 ± 0.33 to 0.97 ± 0.21), in contrast to the increased gain after ABRX in the normotensives (gain increased from 0.91 ± 0.10 to 1.34 ± 0.13). Thus, the summation pattern in the hypertensives is either 'simple addition" or "mutual facilitatory addition" with respect to both heart rate and hindlimb resistance (Table 3) . The "redundancy" of control of hindlimb resistance noted in the normotensives is lost in the hypertensives.
The baroreflex control of LSNA paralleled in general the reflex control of hindlimb resistance except for the following conditions: (1) in the normotensives, the reflex increase in LSNA with NG was impaired after both CBRX and ABRX (Table 6) , whereas the reflex vasoconstriction was preserved after CBRX and slightly impaired after ABRX (Table  3) ; (2) in the normotensives, reflex decrease in LSNA with PE was unchanged by partial denervation but reflex dilatation was augmented; and (3) in the hypertensives, reflex increases and decreases in LSNA were significantly impaired after partial denervation and so were changes in resistance, except for the impaired vasodilator response after ABRX, which did not reach statistical significance. It is possible that, under certain conditions, changes in LSNA and changes in hindlimb resistance may not be entirely equivalent since the nerve activity recorded from the lumbar sympathetic chain conceivably includes impulses going to all segments of vasculature, whereas vascular resistance assesses only the function of sympathetic outflow to the resistance segments of the vasculature.
The main finding in this part of the study is that the extent to which one set of arterial baroreceptors compensates for the loss of the other is markedly different with respect to reflex control of heart rate vs. vascular resistance or LSNA in normotensive and hypertensive rabbits. The compensatory capacity is minimal or absent for baroreflex control of heart rate in both normotensive and hypertensive rabbits. This may be due to the need for two sets of baroreceptors to fully regulate vagal tone to the heart, since, in vagotomized rabbits, neither CBRX nor ABRX significantly alters sympathetic reflex control of heart rate (Guo et al., 1982) . On the other hand, input from both sets of arterial baroreceptors is not essential for the full control of vasomotor outflow to the hindlimb in normotensives. In other words, the "mutual inhibitory addition* allows the remaining set of arterial baroreflexes to compensate for the loss of the other in the reflex control of hindlimb resistance and LSNA. We prefer to refeT to this 'mutual inhibitory addition* as "redundancy* in baroreflex control of the vasomotor outflow in normotensives (Guo et al., 1982) . In hypertensive animals, there is little or no "redundancy" in baroreflex control of the vasomotor outflow, such that neither carotid nor aortic baroreceptors alone can fully regulate vasomotor outflow to the hindlimb.
The absence of "redundancy* in hypertensives could be due to an abnormality in the baroreceptors themselves, or to the manner in which the signals are processed centrally, or to both. There is little doubt that the baroreceptors are reset, are less sensitive, and are relaying smaller changes in input to the vasomotor center as compared with normotensives for comparable changes of arterial pressure (Aars, 1968; Angell-James, 1973; McCubbin et al., 1956; Sleight et al., 1977) . Thus, hypertensive animals may be considered to have partial baroreceptor denervation (in a functional sense) and thus have minimal or no redundancy in baroreflex control of vasomotor outflow when all baroreflexes are intact. For this reason, reducing baroreceptor input to the vasomotor center in the hypertensives (by sectioning one set of arterial baroreceptor afferents) impairs significantly the baroreflex control of vasomotor outflow.
Our interpretation of the results was not complicated by the passage of time. The "time-control" experiments ( Fig. 3 ) in normotensive and hypertensive rabbits (groups 5 and 6) showed that reflex responses of heart rate and of perfusion pressure remained unchanged throughout the protocol when baroreceptors were sham denervated.
Conclusions
The results of these studies have three important implications.
1. It has been demonstrated that there is marked reduction of baroreflex control of heart rate in essential (Bristow et al., 1979; Korner et al., 1974) and borderline (Eckberg, 1979; Takeshita et al., 1975) hypertension in humans. This finding has been taken to indicate a generalized impairment of the arterial baroreflexes, including baroreflex control of the peripheral circulation. Our data, as well as the work of others (Angell-James and George, 1980; Guo and Thames, 1983; Mancia et al., 1979) , indicate that the impairment of baroreflex control of heart rate cannot be taken as evidence for a generalized impairment of arterial baroreflexes. It is equally important to emphasize that preservation of baroreflex control of hindlimb resistance and LSNA should not be extrapolated to other vascular beds. The importance of this point is indicated by preliminary observations of Thames and Gupta (1982) that baroreflex control of renal sympathetic nerve activity is impaired in renal hypertension.
2. The work also shows that in the normotensive animals one remaining set of arterial baroreceptors compensates for the loss of the other and exerts the same degree of reflex inhibition of lumbar sympathetic activity and vasodilator responses during elevations of arterial pressure. This compensatory capacity is not observed with respect to the control of heart rate. One may speculate, on the basis of this finding and our previous work (Guo et al., 1982) , that there may be a "redundancy" of the arterial baroreceptor influence on sympathetic vasomotor neurons and not on parasympathetic neurons.
3. The loss of this compensatory capacity or "redundancy" in the hypertensive animals may represent a defect in the baroreceptors of hypertensives or in the central mediation of the barorflex. Recently, Guo and Thames (1983) tested the latter hypothesis by electrical stimulation of the central end of the cut aortic depressor nerve in rabbits after 6 weeks of another model of renal hypertension (two-kidney, two-wrapped hypertension) and found no alteration in the reflex inhibition of LSNA.
